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The cathode performance in solid oxide fuel cell (SOFC) is getting increased attention, due to higher total 
efficiency.  The direction to lower operation temperature is of essential importance for the next generation 
SOFC.  The cathode reaction is estimated as the slowest step for conventional SOFC using O2- ion conductor 
as a solid electrolyte, when the operation temperature is reduced.  The rate-determining step (RDS) of highly 
reactive oxide cathodes known today, such as La1-xSrxCoO3 (LSC), La1-xSrxCo1-yFeyO3 (LSCF), and Ba1-xSrxCo1-
yFeyO3 (BSCF), is the oxygen reduction reaction (ORR) at surface.  Although the overall reaction is expressed 
as 1/2O2(g) + Vö -> Oo + 2h, its elementary RDS for ORR is still unclear to date.  In the present report, the 
authors summarize our experimental approach using dense oxide cathode films of LC, LSC with very thin 
surface modification layer with variable La(+Sr)/Co ratios and, and Pr6O11 thin film cathode.  In addition, the ab 
initio molecular dynamics (ai-MD) simulation for the oxygen gas splitting reaction on NiO surface will be 
discussed, in addition to experimental study using electron spectroscopy. 
The elementary steps for ORR can be schematically illustrated as shown in Fig. 1.  Several assumptions, such 
as consideration of only forward reactions, local equilibrium before and after RDS, and so on, leads to the 𝑃O2 
dependence of rate constant of the elementary processes.  The rate constant that includes electron activity, 𝑎𝑛, 
is dependent on the defect chemistry, that is, the electron density as a function of oxygen partial pressure.  Only 
the step (a) and (e) in Fig. 1 are the cases where the same 𝑃O2 dependency obtained for materials with different 
defect chemical characteristics like LC and LSC.   
The interfacial conductivity, 𝜎, defined as the measure of surface ORR activity, was estimated using 
conventional triple-electrode cells composed of (1) thin dense cathodes with additional thin surface modified 
layer, (2) polycrystalline pellet of Gd-doped CeO2 (GDC) or single crystalline yttria-stabilized zirconia (YSZ) with 
GDC barrier layer, and (3) porous platinum anode [1].  The equivalent circuit components at the lowest 
frequency range and the intermediate frequency region estimated from cathode impedance measurements, 
show 1/2 power and no 𝑃O2dependence, respectively, suggesting the elementary step of (e) as RDS for the 










The ab initio molecular dynamics (ai-MD) without spin polarization show that, on both NiO surface without Vö 
and with Vö and VNi
" (at the second layer), O2(g) molecules adsorb primarily in a monodentate form, subsequently 
turns into a bidentate form with accepting approximately one and two electrons to finally form peroxide ion, O22-
(ad) [2].  The reduction dissociation only occurs on surface with Vö, after further electron donation by increased 
coordination number owing to structural freedom by the oxygen vacancy. The splitting reaction proceeds 
immediately upon meeting of O22- and Vö, O22-, and the third electron is donated to decompose O22- into OoX 
and O-ad.  The observation above justifies our conclusion from the experiments that the reaction between O22- 
and Vö is the RDS for ORR.  
A combination of of O1s XAS and XPS measurements were made to estimate the electronic structure of oxide 
cathode materials to understand the energy level alignment between O22-(ad) and cathode oxide surface.  We 
assume that the energy separation between EF and the energy maximum of occupied partial O2p orbital in the 
valence band, Δ𝐸, corresponding to the basicity of the oxides, is an index of the extent of easy electron transfer.  
The 𝜎 for ORR shows excellent proportionality withΔ𝐸, showing an important role of O22-.   
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Figure 1 Schematic of the elementary reactions in ORR at 
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